ABSTRACT: One of the purposes of the project was to develop the method of preparation of 3D macroporous hydrogel with a structure of interconnected pores by the use of noncovalent interactions. The combination of chitosan and noble-metal complexes was investigated as cross-linking agents for the preparation of ionic cryogels (ICs). Furthermore, the treatment of the ICs containing gold complex by glutaraldehyde results in spontaneous formation of gold nanoparticles (AuNPs) and chemical cross-linking of the cryogel. The characterization of prepared macroporous materials was carried out by the use of FTIR, SEM, TEM techniques, and texture analyzer. A new strategy for control of size distribution of AuNPs was suggested. The size distribution of obtained AuNPs and their population inside of walls of cryogels was estimated. A method for quantifying unreacted chloroauric acid in the presence of acetic acid was proposed. The possibility of use of prepared cryogels with immobilized AuNPs as a catalytic flow through reactor is shown.
■ INTRODUCTION
The last decade's investigations in polymer chemistry have demonstrated a growing interest in the application of materials containing chitosan (CHI).
1,2 CHI belongs to the class of socalled green polymers, which can be produced from natural, renewable resources such as chitin. 2, 3 Chitin is the most spread polymer in nature after cellulose. 4, 5 CHI has been used extensively as a stabilizing agent for preparation of metal nanoparticles. 1, 2, 6, 7 The mechanism of absorption of metal ions into CHI includes donor−acceptor coordination of freeelectron pair doublets of the amine groups with vacant orbital positions of the metal. 1, 8, 9 At the same time, electrostatic interactions play an important role in the adsorption process. 10 The degree of protonation of the amine groups increases with decreasing pH, and as a result the probability of electrostatic attraction increases to some extent. 3, 11 The formation of metal−polymer-coordinated complexes is dependent on the number of free amine functions and the hydrophilicity of the absorbent macromolecules. 12 The solubility of CHI in mild acidic aqueous solutions and its nontoxic character make this polymer interesting for creation the composite materials based on metallic NPs using a green approach. 6, 13, 14 It is known that for the preparation of hydrogels and macroporous hydrogels or so-called cryogels in most cases it is necessary to use cross-linking agents. 15 Chemical fixation of polymer chains is a commonly used technique for the formation of hydrogels 11 and cryogels. 15−17 According to literature there are a number of described cases of preparation of ionically cross-linked hydrogels, mostly based on alginate stitched by alkaline cations. 17−19 However, the publications in the area of chitosan containing ionic hydrogels are quite restricted to the use of sulfate, phosphate, and molybdate. 10, 18 The electrostatic interactions occur rapidly, and researchers are applying different strategies to control these interactions to avoid instantaneous hydrogel formation. 10 In the present study, a method for preparation of ionically cross-linked cryogel via cryogelation technique is shown for the first time. Previously, the ion-induced gelations of CHI in the presence of various metal complexes at room temperature were studied. 3, 8 The widely spread method of preparation of AuNPs involves utilization of reducing agents, such as NaBH 4 20 and formalin. 21 During the last couple of years a great interest has been shown for the preparation of AuNPs by the use of minimal number of reagents, which at the same time should be environmentally friendly, for instance, organic acids such as citric, 23 malonic and oxalic acids, 24 ,25 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES), 26−28 and CHI. 7, 29, 30 In this study, the formation of ionic cryogels (ICs) based on CHI and noble-metal complexes is described. The stability of the macroporous materials was investigated under different conditions. We propose that ICs are created due to the formation of metal−polymer-coordinated complex and electrostatic interactions. For ICs composed of chloroauric acid and CHI the dominant contributions are electrostatic interactions between oppositely charged ions, and ligand exchange process has a minor role. Conversely, for ICs containing chitosan− platinum or palladium-coordinated complexes, the dominant role is ascribed to ligand exchange process. The mechanism of ligand exchange processes between an internal coordinated sphere of noble-metal complexes and CHI functionalities is shown. We suggest the possible mechanism of reduction of noble metal complexes by GA. In situ synthesis of AuNPs was performed. Using a model reaction, the catalytic activity of the prepared cryogels with incorporated AuNPs is evaluated. The size distribution of AuNPs obtained by the utilization of various reducing agents was studied. − containing 2 mM of gold complex. Pieces of cryogels were immersed in aqueous solutions of sodium chloride (0.2 or 0.8 M) at pH 5.5, 4.0, 3.7, and 1.15, respectively. The time for dissolving the IC was noted. The experiments were performed under dark conditions and at room temperature.
■ MATERIALS AND METHODS

Materials
Characterization of ICs. The compression modulus of the ICs was investigated using a texture analyzer TA-XT2 instrument (Stable Micro Systems, Godalming, Surrey, U.K.) using a 50 mm diameter plunger and with speed of compression 1 mm·s −1 . The compression measurements of the ICs were performed on freshly prepared ICs. The compression test was performed up to 60% compression of the initial length of the sample. The elastic modulus was calculated in the linear region (at 20% compression) using the following equation:
where E is the elastic modulus (Pa), F is the applied force (N), A is the sample area (m 2 ), Δh is the change in height (m) at compression, and h is the original height (m). The measurements were done in triplicate for each type of IC.
The sample preparation of ICs for scanning electron microscopy (SEM) was carried out via lyophilization directly after preparation, where all samples during the whole procedure were protected from light by aluminum foil. The specimens were kept in the absence of light to avoid decomposition of chloroaurate anions ([AuCl 4 ] − ); dried samples were cut into thin discs and sputtered with gold/palladium (40/60), which were then examined using a JEOL JSM-5000LV SEM.
Transmission electron microscopy (TEM) was utilized to study the formed cryogels with in situ formed AuNPs. A thin slice of the cryogel was placed on a copper grid, and the specimen was stained using a 1% uranyl acetate solution for 60 s, after which the excess liquid was removed and the sample dried. The prepared samples were examined using a JEOL 1230 TEM.
Freeze-dried and wet cryogels were analyzed using ATR-FTIR using a Burker-ALPHA-P. Spectra were acquired in the range of 4000−400 cm −1 with a resolution of 4 cm −1 over 24 scans. In the case of wet samples a spectrum of distilled water was recorded and subtracted from all spectra.
The yield of the AuNPs formation was calculated using the remaining amount of chloroaurat anion in the supernatant after reaction. The IC was thoroughly washed with water. A CHI solution 1% in HAc was added to the wash solution. This reaction mixture was then incubated at 60°C for 1 h, and the concentration of the obtained AuNPs was calculated from the optical density of characteristic surface plasma resonance peak at 525 nm.
UV−visible investigations were performed on a computerized WPA-Biowave II instrument using a 10 mm quartz cuvette.
A peristaltic pump (Alitea AB, Stockholm, Sweden) was used to pump the carrier solution at desired flow rates through Teflon tubings (0.5 mm id) to the flow cell.
The linear dimensions of ICs and chemically cross-linked cryogels were measured using the Electronic Digital Calliper.
In situ Formation of AuNPs in ICs. Cross-linking of the material and reduction of H[AuCl 4 ] were concomitantly taking place during exposure to glutaraldehyde. The ICs obtained after incubation for 72 h at −12°C were thawed at room temperature and transferred into 2.5% glutaraldehyde (GA) solution in 0.1 M phosphate buffer (pH 7.4). The ICs were kept at room temperature for 3 h under gentle mixing and then extensively washed with water. The chemically cross-linked cryogels with in situ formed nanoparticles were stored in refrigerator until further use.
ICs containing H[AuCl 4 ] were immersed in 0.1 M solution of HEPES (pH 7.2) and incubated under standard conditions for 3 h and after that at 60°C for 3 h. Finally, the specimens were washed with phosphate buffer (pH 7.4) and stored at 4°C until future use.
Preparation of Free Gold Nanoparticles. The synthesis of AuNPs was carried out according to a method described elsewhere. 7 In brief, 0.7−2.8 μL of 1.45 M H[AuCl 4 ] was properly mixed with 1 mL of CHI 1.1% (w/v) in 0.2 M HAc. Then, the reaction mixture was left at 60°C in a water bath for 1 h. The obtained suspension of AuNPs was kept in the refrigerator until further use.
Initially, there was no observable color change; however, after 10− 15 min, the color of the solutions changed from light yellow to purple. The suspensions containing colloidal gold were stored at 4°C.
A second route for the preparation of AuNPs was to prepare ICs, as previously described, including 0.7−2.8 μL H[AuCl 4 ] (1.45 M). After ICs were obtained and thawed at room temperature, the specimens were incubated in a water bath at 60°C for 1 h. The suspension of gold nanoparticles was stored at 4°C until future utilization.
■ RESULTS AND DISCUSSION
Formation of Ionic Cryogels. In this study, the formation of ICs from CHI using chloroauric acid was studied. The last decade has shown a growing attention for the application of ionically cross-linked hydrogels. 5, 7, 32 To the best of our knowledge, there is no data about preparation of the ICs based on chitosan fixed by ions of noble metals. For the formation of cryogels, it is crucial that freezing occurs prior to gelation, 15 and it is known that the ionic interaction occurs extremely fast, and thus the gelation takes place before the system freezes. Despite these restrictions the current study shows the formation of ICs using ionic interactions of monocharged and dicharged ions in combination with the formation of metal-coordinated complexes.
Freezing the reaction mixture of CHI and H[AuCl 4 ] at −12°C induced the formation of heterogeneous system consisting of two phases. The solid phase is pure ice crystals, which plays the role of porogen, 15, 33 and the liquid phase is enriched with CHI, HAc, H[AuCl 4 ], and some amount of nonfrozen water, where the reaction is taking place. The ice crystals melted while the samples were thawed to room temperature; however, CHI was cross-linked by the metal ions, thus preserving the structure as it was when the ice crystals were formed, resulting in the formation of interconnected macroporous ICs.
To confirm that the gelation took place due to dominant contribution of electrostatic interactions, we performed a series of additional experiments. The addition of 0.5 M sodium chloride to the mixture prevented the formation of ICs. Most likely, gel generation was inhibited due to salt effect because the complex formation occurs in nonfrozen phase where the concentration of solutes increases significantly. 16 In the presence of high ionic strength, electrostatic interactions between oppositely charged groups became weaker due to shielding effect, thus preventing gel formation. This indicates that both pH and the presence of HAc play crucial roles in the gelation process. These findings illustrate some factors of importance for cryogel formation, such as electrostatic interactions between protonated amino group and H[AuCl 4 ] and construction of coordinate-covalent bond between nonprotonated amino groups of CHI and gold. We propose the possible mechanism of ligand exchange reaction I during the IC formation and AuNPs stabilization, which will be discussed later. where Lg = ligand (−RNH 2 or HO−R), 0 < n ≤ 4, and x ≤ n. The electrostatic interaction between chloride and protonated amino group is stronger than the same interaction between acetate and protonated amino group because the negative charge in acetate is equally distributed between two atoms of oxygen. We presume that acetate, which has substituted chloride ions in the gold complex, further facilitates the next step of replacement of acetate ligand by oxygen or nitrogen atoms of the CHI subunit, as shown in reaction I. Previously, the possibility of replacement of chloride by different carbonic acids 24, 25 and formation of coordinated bonds Au−N or Au−O were confirmed by Raman 34 and FTIR spectroscopies, 34, 35 and MS analysis. 36 Dissolving CHI in 0.1 M hydrochloric acid (pH 1) also prevented gelation. The increased concentration of Cl − anions suppressed the ligand exchange ability on nonprotonated amino group; that is, the equilibrium of the reaction I shifted to the left. At the same time, the drastically increased concentration of Cl − anions at pH 1 resulted in shifting of the dissociation equilibrium of the gold complex to the undissociated form H[AuCl 4 ]. 23 The possibility to regulate the stiffness of IC was studied. The CHI solution was mixed with various concentrations of H[AuCl 4 ], and the final solution was rapidly frozen at −12°C. As expected, increase in the ionic cross-linker quantity resulted in the enhancement of elastic modulus of IC, as shown in Table   1 . Under cryoconditions the process of gel formation is related to the increase in concentration of reagents due to the phenomena of cryoconcentration, and as a consequence the opportunity of electrostatic attraction is increasing.
It was observed that the mechanical properties of the ICs were strongly dependent on the cryogelation time. Having kept the reaction mixture frozen at −12°C over 3 h led to formation of mechanically weak nonporous ionic hydrogels. Previously, ionic nonporous hydrogel was obtained by cross-linking of CHI by molybdate polyoxyanion at room temperature, which was gradually formed due to hydrolysis of molybdenum oxide. 10 To evaluate the approximate time when the ligand exchange process reached the equilibrium at subzero temperature, we studied the effect of time on elastic modulus. It can be presumed that the process of inter-and intramolecular linkage between protonated amino groups of CHI and H[AuCl 4 ] at subzero temperature reached the kinetic equilibrium quite rapidly. Prolongation of incubation time in semifrozen state to 18 h resulted in the formation of macroporous IC. The increase in reaction time in apparently frozen state from 18 to 48 h led to significant enhancement of elastic modulus of the material (Table 1) . Further prolongation of the reaction up to 72 h brought about negligible improvement of the mechanical properties of ICs, as is illustrated in Table 1 . These findings indicated that the system was close to equilibrium state already after 48 h. It was previously mentioned that amino and hydroxyl groups of CHI participated in complex formation with H[AuCl 4 ]. 29 The enhancement of the elastic modulus of the material might be attributed to ligand exchange processes in the complex of chloride to acetate and finally into amino or hydroxyl groups of CHI (eq I). According to published data, 3, 37 the rate of the ligand exchange process can be controlled by change in various parameters, such as concentration of CHI, metal complex, or pH. It was shown that once the replacement of chloride for amino groups in the metal-coordinated spheres occurred the ligands preserve their coordination shell for a long time. 337 The decrease in concentration of acetic acid from 0.2 to 0.1 M led to decrease in elastic modulus of cryogel containing 4 mM of gold complex. This might be related to decrease in concentration of acid, which, in turn, leads to decrease in volume of nonfrozen phase. Therefore, the thickness of walls was thinner than that for sample obtained from 0.2 M of acetic acid. The thickness of walls of material is directly related to its elastic modulus. Chemical cross-linking of IC by GA led to increased stiffness of the material, more than 10−20 times compared with that of the initial IC (Table 1 ). This approach was used for the in situ formation of NPs; see the later section. The mixing of copper(II) chloride with CHI solution led to spontaneous hydrogel formation that was impossible to freeze prior to gelling, and as a consequence the IC was not obtained. To widen the list of possible ICs based on CHI, other noble-metal ion complexes were tested. In accordance with literature, complexes of platinum and palladium can be rapidly absorbed by a CHI matrix. 8,38−40 It was shown that the rapid mixing of CHI (1%) with a certain concentration of Na 2 [PdCl 4 ] or Na 2 [PtCl 4 ] and the following freezing of the reaction mixture at −12°C resulted in the formation of ICs. By the use of FTIRspectroscopy, it was possible to detect change in the spectra before and after complex formation, which illustrated the appearance of stretching vibrations of the Pd−N bond at 561 and 615 cm , respectively ( Figure S1 in the Supporting Information), in agreement with literature. 8 A supplementary experiment revealed that the gel formation did not occur under the aforementioned concentration at room temperature, although the reaction mixture became significantly more viscous.
Influence of Different Parameters on Stability of ICs. It is important to know the range of salt concentrations and pH where the ICs are stable. The capability of the ICs to resist dissolution under high concentration of salt was studied in a number of supplement experiments. As expected, the treatment of IC4(48h) by 1 M NaCl (pH 4.0) and 0.1 M HCl (Table S2 in the Supporting Information), respectively, resulted in dissolution of the material. The reason for this is the suppression of the electrostatic interactions due to shielding effect that confirms the ionic nature of the material. One more confirmation that ICs formed due to combination of electrostatic interactions and existence of metal coordinated bonds with CHI signified the fact that the ICs were stable at relatively high ionic strength (0.2 and 0.8 M) at pH 5.5 and 4.0, respectively (Table S2 in the Supporting Information).
As illustrated by reaction I, the ligand exchange reaction is a reversible process. It is known that at low pH suppression of dissociation of H[AuCl 4 ] takes place. 23 Conversely as it was previously mentioned a large excess of chloride anions brings about a strong competition between Cl − and [AuCl 4 ] − anions, which significantly shifts the equilibrium of the reaction to the left (reaction I).
The critical conditions (pH and ionic strength) for the stability of IC were found to be 0.2 and 0.8 M of salt at pH 3.7, where the dissolution of the ICs occurred rapidly (Table S2 in the Supporting Information). The IC incubated at 0.1 M saline solution at pH 3.7 maintained the 3-D structure over 24 h.
To evaluate the quantity of unreacted H[AuCl 4 ] during the formation of IC in the presence of salt, we thoroughly washed the samples with distilled water. Usually, the concentration of nondissociated H[AuCl 4 ] can be determined by direct spectrophotometric measurement at 314 nm; 23 however, the high concentration of HAc in the sample made a significant contribution to the absorbance at 314 nm and rendered the use of the method impossible. In the present work we instead − from ionic strength was in agreement with the aforementioned phenomenon of salt effect (Table S3 in the Supporting Information). Without the addition of salt the yield of complex formation was up to 99%. However, additional concentration of salt 0.1 and 0.25 M in the initial reaction mixture resulted in a decrease in the yield of complex formation with CHI to 92.5 and 87.8%, respectively. Finally, the increase in the ionic strength up to 0.5 M prevented gelation under subzero temperature. There were two reasons for that: the shielding effect of salt and the decreased concentration of reagents under subzero temperature due to significant increase in volume of nonfrozen phase caused by the added salt.
Having 10 The supplement experiment confirmed that the gelation took place due to the formation of metal−polymercoordinated bonds. The electrostatic forces of attraction between oppositely charged ions played a secondary role. of AuNPs and resulted in decreasing the value of elastic modulus and mechanical stability of the material (data not shown). Complete dissolution of samples IC1−4(3h) was achieved after being exposed to light for 75 h.
The suggested mechanism of IC formation (reaction I) was confirmed by investigating the influence of prolongation of reaction time in semifrozen state on degradation degree of the final material in water. The second series of samples IC1− 4(48h) was also studied with regards to swelling under different conditions. It was visually observed that during the experiment ICs gradually changed from being opaque to become transparent hydrogel with pink pattern. This observation indicates the formation of AuNPs and the disappearance of dense walls of IC (Figure 2d ). The prolongation of synthesis time up to 48 h at −12°C led to the formation of the material with longer degradation time (110 h) (Figure 1) . The obtained data were in correlation with the enhancement of elastic modulus (Table 1) , and this also confirmed the mentioned assumption of existence of ligand exchange reaction (reaction I).
The swelling degree of ICs in water under dark condition decreased with increased concentration of the ionic cross-linker (Table S4 in the Supporting Information). In accordance with data in Figure 1 , it can be seen that the decreasing tendency of swelling degree with the increase in amount of H[AuCl 4 ] was preserved. Samples IC1−4(48h) displayed gradual swelling without major changes of the macroporous structure; that is, the material remains opaque (Figure 2a ) during the whole experiment (Table S4 in In Situ Formation AuNPs inside ICs. It is important to note that gold complexes in ICs can be easily transformed into AuNPs suspension by incubation of the material at 60°C for a short period of time. Incubation of CHI in HAc mixture with H[AuCl 4 ] has been reported to spontaneously create AuNPs under heat treatment. 7, 29, 41 Therefore, when preparing cryogels impregnated with AuNPs a chemical cross-linker was added to avoid the degradation of the material during AuNPs formation. Treatment of the IC by GA brings about interaction of primary amino groups of CHI with aldehyde groups, which results in the formation of Schiff's bases, 5, 42 and thereby a chemical fixation of the macroporous structure of the cryogel takes place ( Figure 3D) . A simultaneous oxidation−reduction process occurs; that is, the oxidation of aldehyde to carboxylic group and reduction of [AuCl 4 ]
− to AuNPs is taking place (reaction II). In accordance with literature the standard redox potential of the couple acetate/acetaldehyde is −0.58 V, which means the aldehyde group is a strong reducing agent 43 14 From a thermodynamic point of view the difference in standard redox potential between oxidant and reductant is a driving force of the redox process; that is, under standard conditions the larger the positive delta of standard redox potentials the faster the redox reaction is taking place. 43 Previously, the possibility of formation of AuNPs with utilization of formaldehyde was shown; 21 however, the mechanism of the reaction was not sufficiently explained.
Considering the reaction I, we proposed the possible mechanism of the reduction reaction of gold coordinated complex by GA where simultaneously stabilization of zerovalent gold by various ligands is shown (reaction II). The use of nonbuffered solution led to rapid decrease in the pH of the reaction mixture due to acid formation, confirming the oxidation reaction (reaction II). With the purpose of achieving the complex formation reaction with the highest yield and rate, the reaction should be performed in buffered solution at pH 7 because values of redox potentials are dependent on pH. Moreover, studies have confirmed that the surface of gold nanoparticles can create the surface donor−acceptor connections with electron-rich functionality such as amino, amido, or carboxylic. 9 That explains the stabilization effect of polymers after the metal was reduced.
where Lg = ligand (−RNH 2 or HO−R, R−COOH), 0 < n ≤ 4, and x < n. The cross-linking of IC by GA resulted in some collapse of the material (Figure 3) , with increase in H[AuCl 4 ] content leading to a more pronounced collapse, For instance, the diameter and length of CHI-GA-AuNP4 decreased by 13 ± 1.7 and 15 ± 2.2%, respectively. The shrinking of the material can be linked to interactions of π-electrons of Schiff's base bonds with a gold cluster surface of AuNPs, which may lead to additional stabilization of the nanoparticles. 44 Another explanation of the collapse of chemically cross-linked cryogels might be extra ionic cross-linking due to electrostatic interactions. It is known that AuNPs can catalyze the oxidation reaction of aldehyde in the presence of dissolved oxygen; 45 it is not excluded that instantaneous oxidation of GA can take place on the surface of AuNPs with the generation of carboxylic groups. Another reason for collapse of cryogel can be related to the cooperative effect of cross-linking by GA. Because initially the system was not chemically cross-linked, polymer chains have more flexibility and therefore the first step of cross-linking by GA leads to change of conformation of the polymer. As a result, some reactive functional groups became at short distance, leading to further cross-linking reactions. Finally, these phenomena might reflect on the macroscopic size of the material. Figure 4 represents the macroporous structure of the cryogel with incorporated CHI-GA-AuNPs. The structure is characterized by thin walls, resulting from utilization of dilute solution of CHI. TEM analysis was used to evaluate the dimension and size distribution of AuNPs within the cryogel walls. Figure 5 shows TEM images and histograms of size distribution of CHI-stabilized gold nanoparticles prepared under different conditions. It is revealed ( Figure 5 ) that although the particles are of considerable polydispersity the parameters of the distribution mean diameter and standard deviation significantly depend on the chosen synthesis route.
The histograms show the essential difference in the size distribution of particles from different preparation methods ( Figure 5 ). AuNPs obtained by heat treatment of IC had the widest distribution of particles, with a mean size of 9.0 ± 5.2 nm among studied samples ( Figure 5A ).
Histograms A and C illustrate the same pattern of size distribution of AuNPs obtained from ICs compared with AuNPs prepared from solution ( Figure 5B ). In the case of IC the presence of a relatively high fraction of AuNPs with size 1− 3 nm might be due to prior formation of coordinated complex CHI−[AuCl 4 ], which prevented the aggregation of particles during the reduction to zerovalent state. The deviation of size distribution of AuNPs histograms A and C from normal Gaussian distribution histogram B might be explained by a different mechanism of AuNPs formation ( Figure 5 ). The histogram B of size distribution of AuNPs has the normal Gaussian distribution, which signifies the layer-by-layer mechanism of constriction of the particle core ( Figure 5 ). 46 The shape of histograms A and C could be attributed to the fact that particle growth takes place through concerted growth mechanism, which involves coagulation and coalescence of cluster fragments. 47 CHI-GA-AuNPs4 nanoparticles formed in situ display the narrowest size distribution among the studied samples ( Figure  6 ). This phenomenon is most likely correlated with two factors previously mentioned; additional stabilization of the nanoparticles as a result of prolonged treatment of the mixture under cryoconditions resulted in high yield of metal−polymer coordinated complexes due to the cryoconcentration effect, resulting in an even distribution of gold complexes in volume. Therefore, we assume that these AuNPs are well-protected by chitosan, which contributed to the interruption of further coalescence of AuNPs, while reduction by GA in comparison with AuNPs obtained from mixture of chitosan with gold complex in which the complex formation was poor and probably chitosan was linked only by electrostatic interactions. The confirmation of this assumption can be seen from statistical analysis of particles size distribution represented in histogram ( Figure 6 ). Additionally, formed AuNPs might be stabilized by Schiff's base functionalities, as was previously mentioned, via donor−acceptor interactions.
The size distribution of AuNPs can be regulated by controlling some parameters, such as the concentration of the H[AuCl 4 ] in the IC or reducing agent. An increase in H[AuCl 4 ] content in IC from 1 to 4 mM and their treatment with GA caused the formation of CHI-GA-AuNPs. As a result of that the mean diameter has been drastically increased from 2.85 ± 1.89 to 7.38 ± 2.24 nm (Figure 6 ). According to statistical analysis of numerous TEM images the distribution of AuNPs in a square of 100 nm 2 of the wall was calculated for cryogels CHI-GA-AuNPs (1 and 4 mM Au) and equaled 1.15 ± 0.47 and 26.4 ± 2.4 nanoparticles/100 nm 2 , respectively. The distribution of particles by size was slightly changed compared with the distribution of AuNPs obtained from the solution of CHI and H[AuCl 4 ]. For catalytic activities it is important to use AuNPs with a narrow size distribution with the aim to increase the efficiency of the catalyst and to avoid side effects. The catalytic activity of macroporous scaffolds with incorporated CHI-GA-AuNPs showed improved results (Figures S2−S4 in the Supporting Information); however, it is out of the scope of the present publication. In future work the comparison of catalytic activity of cryogels obtained by the use of different strategies will be assessed.
To avoid the chemical cross-linking of cryogels and preserve their interconnected macroporous structure, we studied another reduction strategy of ICs. Using HEPES buffer (0.1 M, pH 7.2) with IC and the following incubation of the sample at 50°C resulted in the formation of AuNPs with retained macroporous structure. Previously, HEPES was applied for the preparation of flower-shaped AuNPs at room temperature, which can be easily transformed into spherical shape under moderate heat treatment. 27, 28 HEPES plays a double role as a reducing agent for H [AuCl 4 ] and the component for stabilization of formed AuNPs. 26, 27 The retention of the cryogel structure of the material after conversion of ionic cross-linker that occurred due to CHI is an insoluble polymer at physiological pH because the pK a of CHI amino group is ∼6.
5 The non-cross-linked nature of the structure of cryogel was confirmed by immersing the cryogel with AuNPs stabilized by CHI and HEPES into aqueous solution at pH 4, which brought about the expanded swelling and finally the dissolution of the material. From the application point of view it can be suggested to use the cryogels CHI-HEPES-AuNPs only at pH above 7.
The size distribution of CHI-HEPES-AuNPs (containing 1 and 2 mM of Au, CHI-HEPES-AuNPs1 and CHI-HEPESAuNPs2) and their patterns is comparable with AuNPs formed by heat treatment of IC (Figure 7) . However, the mean diameter of CHI-HEPES-AuNPs2 is less than the average diameter of AuNPs produced from ICs ( Figures 5 and 7) . Spontaneously formed AuNPs-HEPES at room temperature has odd shaped nanoparticles with average diameter of 30−50 nm; however, the following heat treatment leads to reorganization of shape of the AuNPs into spherical with the decrease in the mean diameter down to 15 nm. 27 Recent studies have shown that the presence of some additives during the preparation of AuNPs-HEPES results in significant decrease in the diameter to 10 nm. 48 Our results by size distribution of CHI-HEPES-AuNPs with the mean diameter of 8 nm ( Figure  7 ) are in correlation with literature, where the macromolecules of CHI mainly played a stabilizing role. The statistical analysis of several TEM images of CHI-HEPES-AuNPs1 and CHI-HEPES-AuNPs2 revealed the distribution of AuNPs in walls of the material as 2.84 ± 1.06 and 4.7 ± 2.2 particles/100 nm 2 , respectively.
From comparison of histograms of CHI-GA-AuNPs and CHI-HEPES-AuNPs (Figures 5 and 7) , it can be concluded that utilization of GA under mild conditions resulted in onestep formation of AuNPs with the narrowest size distribution, which were incorporated into mechanically stable macroporous scaffold.
■ CONCLUSIONS
In this paper, a protocol for one-step synthesis of ICs is presented. The preparation conditions of mechanically stable macroporous material were optimized. The swelling degrees of ICs under different conditions were studied. In situ methods of preparation of AuNPs incorporated into the cryogel walls by the use of various reducing agents were evaluated. The mechanism of formation of CHI-stabilized AuNPs under GA treatment was proposed. The size distribution of AuNPs obtained from different techniques of preparation was calculated and compared. The possibility of regulation of AuNPs size and their distribution inside of macroporous material was shown via utilization of different reducing agents. ICs cross-linked by GA showed the highest level of elastic modulus of the material, which contains AuNPs with the narrowest size distribution among the studied samples. It seems that cryotreatment of a mixture CHI with chloroauric acid has an influence on the mechanism of growth of AuNPs. The catalytic activity of macroporous scaffolds with incorporated CHI-GA-AuNPs showed promising results, and in future work the comparison of catalytic activity of cryogels obtained by the use of different strategies will be presented.
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